The corrosion rate in marine environments affects economic interest since the loss of steel in marine structures has impact on structural safety and performance. With emphasis to maintain existing structures in service, there is increasing interest in predicting corrosion rate at a given location for a given period of exposure. Corrosion allowances are prescribed for structural members by standards based on the corrosion protection provided, expected rate of corrosion and service life of structure. There are no studies to determine the appropriate corrosion allowance for marine steel structures in Malaysia. The research objectives are to determine the nature and rate of corrosion and the effect of differences in the immersion depth and microalgae on the corrosion rate. Two sets of corrosion coupons of Type 3 Steel consisting of mild steel were immersed in seawater at Lumut in Malaysia. The corrosion rate of the coupon is estimated based on the material weight loss with time. The corrosion rate is controlled by oxidation in short term and bacterial activity in long term. Corrosion rate in the immersion zone is observed to be more than in the splash zone. The results are also compared with code prescriptions and discussed.
INTRODUCTION
Corrosion is a problem considered during design and maintenance of land based as well as marine steel structures. Corrosion allowances are prescribed for structural members by different standards such as BS 5950 [1] , EC3 [2] , Norsok-M001 [3] , API RP2A WSD [4] , and DNV [5] . With the increasing emphasis to maintain existing structures in service for longer periods of time to defer replacement costs, there is increasing interest in predicting corrosion rate at a given location for a given period of exposure once the protection is lost. Moreover for already corroding structures, the present and future expected rates of corrosion are important for predicting remaining safe working life of the structure. The reduction in corrosion allowance can signify large savings. Alternatively, structures may still be safe at the end of the design life.
Corrosion coupons is a preferred tool for monitoring corrosion since they provide accurate results at a reasonable cost, are easy to use and can provide general information that is quantitative and visual. Though different types of coupons have been used (strip coupons, disc coupons, rod coupons, coupons with applied stress etc), the strip coupons give most accurate results and have been used in this work [6] .
There were many empirical field investigations on the corrosion of steel in marine environment. Field trials are recommended to assess the likely corrosion rates at the site of interest. Laboratory tests cannot replicate the corrosion that occurs under actual field conditions since the corrosion process is non linear in time. It cannot generate the marine bacteriological process involved in corrosion in real seawaters.
The main objective of the research is to study the nature and rate of corrosion in marine steel structures in Malaysia. The sub-objectives of the study are to determine (1) the nature of corrosion and identify the factors affecting corrosion, (2) the rate of corrosion and compare the rates of corrosion in different zones and with the limits in the codes of practice and (3) the effect of microalgae on the corrosion rate. Sea water at Lumut in Perak, Malaysia was chosen for the experiments due to its proximity to UTP and many industries located there. Corrosion coupons were installed corresponding to atmospheric zone, splash zone and immersed zone using a steel frame. The nature and rate of corrosion at different zones were determined by determining the loss of weight of the steel coupons every three months over a two year period. The corrosion rates were compared with the rates prescribed in the codes.
LITERATURE REVIEW
The literature review is organized into the sections: General, Measurement of Corrosion loss and rates, Process of immersion corrosion, Studies on corrosion rates, Factors affecting rate of corrosion and Code Provisions on corrosion rates.
General
Malaysia, lying between latitudes ½ o and 7 o N and longitude 100 o and 119 ½ o E, has tropical climate. The average temperature is 27.5 o C and average rainfall is 2409 mm. The mean relative humidity is 62.6%. Lumut located on the northwest shores of Peninsula gains importance from the location of Royal Malaysian Navy, Naval shipyard, Marine Terminal, Industrial Park and the various industries located there. At the location of the experiment on the coast at Lumut, the climate can be classified as "marine tropical" [7] [8] [9] .
Corrosion rates are classified as low, moderate, severe and very severe as shown in Table 1 [6] . Marine structures have varying environments from the total immersion, tidal zone, splash zone and marine atmosphere zone. The most severe corrosion occurs in the splash zone where corrosion rates are generally more than twice of those in the immersed portion. Above the splash zone protection can be maintained by a range of coatings. The immersed areas are protected by cathodic protection. Maintenance of effective corrosion control is more difficult in the splash and inter-tidal zones. The variation of intensity of corrosion of an unprotected steel structure in seawater with position is shown in Figure 1 .The spray and splash zone above the mean high tide level is the most severely attacked region due to continuous contact with highly aerated sea water and the erosive effects of spray, waves and tidal actions.
Measurement of Corrosion loss and rates
Corrosion loss is determined using the weight loss measurement. The simplicity of measurement offered by corrosion coupon makes it the basic method of measurement in many corrosion monitoring programs. There are many evidences in the corrosion literature that coupons can provide accurate corrosion estimates and that size is not a significant variable within one exposure environment [10] As a result, the rate of corrosion now depends on the rate of metabolism which in turn depends on the rate of supply of nutrients [13] . Long term anaerobic condition will eventually lead to a near-steady-state situation. This situation develops over the corroding surface with the rate of corrosion dependent on the rate of supply of nutrients [14] and the loss of rust layer through erosion and wear. This is known as 'Phase 4'.
Studies on corrosion rates
Corrosion rates as high as 0.9mm/year have been reported at Cook Inlet, Alaska and 1.4mm/year in the Gulf of Mexico. Cathodic protection in this area is ineffective because of lack of continuous contact with seawater (the electrolyte) and thus no current flows for most of the time [15] . Figure 3 shows the weight-loss data obtained at Taylors Beach near Newcastle, converted to the equivalent one-sided corrosion. The widely used non linear monotonic function (whereby oxidation controls the corrosion process from the instant of first exposure indefinitely) does not fit the data. The non-linear, best fit trend is shown together with the best fit linear trend and the power law trend. The power law c=At B is widely used and is referred to as a natural 'law'. The increased scatter of data points with time and the phases corresponding to the model are to be noted [18] . Figure 4 shows the corrosion loss with time for AISI 1020 steel exposed in the Panama Canal Zone (PCZ). This figure can be related to Figure  2 at the exposure period (ta) which is around 3 years exposure [18] . The average corrosion loss (Ca) is around 0.25mm for the half tide data and it is much lower for immersion corrosion (around 0.05mm). The Ca is around 0.16mm for ta approximately 5 years for the coastal atmospheric data at Christobel while for the inland site it is around 0.12mm. For phase 3 and 4 to establish, ta indicates that it takes more time as the site is further away from the sea. Figure 5 shows the same data points for two atmospheric sites (Christoble and Meraflores) with the best fit linear and power law relationship. It is seen that both the linear and the power law functions are not responsive to subtle changes in the trends corresponding to each data set shown with grey circles [18] .
Corrosion in insulated coupons at different levels was measured over 3 years at the transport wharf for the Shengli oil field in the Chengdao Sea. The total corrosion losses were plotted as shown in Figure 6 . Using Figure 2 for guidance, trend lines have been plotted. As the distance from the fully immersed environment increase, hence both ta and ca increases. For the first two years or so the corrosion is under diffusion control thus there is little difference in ta for the exposure conditions [19] . 
Factors affecting rate of corrosion
The effects of various factors on corrosion losses are discussed below:
The differences in salinity of seawater are very little between the major oceans with an average salinity level typically in the range 30-35 parts per thousand. Water salinity has relatively little direct effect on corrosion rate, at least in the short term demonstrated in laboratory experiments by Heyn and Bauer (1910) and Mercer and Lumbard [20] in very carefully conducted experiments. According to DNV-RP-B401, the major seawater parameters affecting cathodic protection in situ include salinity [5] .
The relative acidity of the solution is probably the most important factor in aqueous corrosion. The range 4-10 pH has little effect on the early rate of corrosion including in seawater. It may have a modest effect on the rate of metabolism of the bacterial and marine growth (fouling) that commences, typically immediately on immersion of steel in seawater. The rate of metabolism is the principal corrosion action of bacteria. At low pH the evolution of hydrogen tends to eliminate the possibility of protective film formation so that steel continues to corrode but in alkaline solutions, the formation of protective films greatly reduces the corrosion rate. Hence, the greater the water alkalinity, the slower the rate of bacteria attacks [21] [22] . Therefore the rate of corrosion tends to reduce with higher pH values at the corroding surface.
Small changes (say < 0.5%) in alloys used in steel should have zero or negligible effect on the degree of corrosion that occurs while oxygen diffusion controls the corrosion process according to corrosion science theory [15] . More specialized steel with larger alloy compositions will have a lower initial rate of corrosion particularly for alloying elements such as chromium, molybdenum and aluminium and to a lesser extent for nickel, silicon, titanium and vanadium [23] [24] . Carbon content has essentially no effect on initial rate of corrosion [24] .
Microorganisms attach to metals and colonise the surface to form biofilms producing an environment at the bio film/metal interface in aquatic environments and reduces the diffusion of oxygen thus reducing corrosion rate. The environment is very different from the bulk medium in terms of pH, dissolved oxygen, and organic and inorganic species and leading to electrochemical reactions that control corrosion rates. Microorganisms can accelerate rates of partial reactions in corrosion processes and shift the mechanism for corrosion [25] [26].
The general fouling organisms along the Lumut coast are plankton, benthos, algae, bryozoans, barnacles and mussels. 
Code Provisions on corrosion rates
The corrosion rates of carbon steel for one year of exposure on test sites situated in temperate, sub tropical and tropical marine sites with general chloride deposition rates (> 100 mg/m 2 day) is shown in Table 2 [27]. . The corrosion rates are even higher in the splash zone at 200 -500 µm per year (8 -20 mils per year). The corrosion rate for unprotected steel in the immersion zone is in the range 100 -200 µm per year (4 -8 mils per year) [29] .
EN 12500 [30] has quantitatively classified the corrosivity of an environment on the basis of mass loss of standard flat specimens (rectangular shape 50 x 100m) based on one year of exposure ( Table 3) . [31] . The notional average and upper limit values of corrosion for exposed, unprotected structural steels in temperate steels in temperate climates in mm/side/year is given in Table 4 . 
METHODOLOGY
The corrosion loss has been measured under field exposure conditions. Laboratory experiments mainly use artificial seawater in which it is difficult to generate the biotic marine conditions. The experiment is confined to corrosion in relatively shallow seawaters at Lumut, Perak. The depth is not expected to have huge impact on corrosion loss and microbiological effect is expected to be of importance.
Corrosion coupons of Type 3 Steel (mild steel) were fabricated from a Chinese fabricator (sample 1) and a Japanese fabricator (sample 2). The coupons were stamped for identification. At atmospheric and fully immersed zone, 3 inches strip coupons (73x22x3.8mm) were installed. At the tidal zone, 6 inches strip coupons (152mm x 22mm x 3.8mm ) were installed since the tide level is likely to fluctuate more than 3 inches. Table 5 shows the characteristics of seawater. The specimens were cleaned; polished and mounting holes were drilled. They were secured to mild steel frames using bolts and nuts, isolated from the mild steel racks with washers and thick rubber. The mild steel racks were installed on 30 March 2010 to reinforced concrete beam approximately 3.0 m below mean low tide so that the lowest test specimens were totally immersed ( Figure 7A and 7B) . The coupons are being evaluated quarterly for two years and simultaneously the sea water samples were taken to test for the salinity and pH. The coupons on retrieval are photographed and weighed together with the dense mat of fouling organisms which occurred on exposure of coupon. The coupons are then kept in the oven for 24 hours. The coupons are re-weighed and cleaned of any attached debris, deposits, and fouling organisms with sand paper. The coupons are visually inspected, and then photographed to show the surface conditions. Percentage weight reduction of the samples in different zones with time is evaluated. Weight loss method was used to determine the corrosion rates of the coupons. The corrosion loss of the coupon in mm with time in years is also estimated.
RESULTS & DISCUSSION
The following results of the field corrosion experiments are presented. The experiment is conducted in seawater at Lumut, Malaysia over a two year period. The characteristics of seawater are obtained by laboratory analysis ( Table 5 ). The density of steel is taken as 7.86g/cc [32] .
A B Figure 7 Experimental set up for measuring corrosion rate Physical condition of the frames and coupons :
The surface condition of the samples was studied to understand the nature and intensity of corrosion. For the two sets of sample (sample 1 and 2), the observation was done for atmospheric zone, splash zone and immersion zone. Figure 8 show the frames of sample 1 on retrieval from the testing area. At 3 months, the frame was covered mainly by barnacles and at 6 months, the coupons at tidal were densely covered by barnacles, plankton, algae, and bryozoans. At 9 months, the coverage of barnacles, plankton and algae is lesser compared to at 6 months. The nature of the surface of the coupons collected at 6 months did not seem to differ from the coupons collected at 3 months. At 12 months, bacteria like structures appeared attached to the surfaces of the tidal and submerged coupons. The bacteria were orange in color. It was difficult to differentiate amorphous inorganic deposits from bacteria. The coupons were covered by barnacles and algae at certain surface area. At 15 months and 18 months, the surfaces of the coupons were extensively removed, exposing thinner coupon. Thick fibrous materials were entrapped and attached to the coupons. Figure 9 show the frames of sample 2 on retrieval from the testing area. At 6 months, the coupon was covered mainly by barnacles and plankton at tidal zone. At 12 months, bacteria like structures appeared attached to the surfaces of the tidal and submerged coupons. The bacteria were orange in color. At 15 months, dense plankton, barnacles and algae covered the coupons at tidal and submerged zones of the frames. Identical condition occurred at 18 months. Some of the coupons exposed were covered with black deposits and some appeared to be in bluish/green deposits. However, the coupons were mostly dull. 6 12 15 18 Figure 9 Frames of sample 2 on retrieval from the testing area at 6, 12, 15 and 18 months Figure 10 shows the sample 1 at atmospheric zone which have been cleaned of the marine growth. At atmospheric zone, the coupons of mild steel 1 exposed were golden/brown. Other predominant features observed include rust-like deposits scattered throughout the coupon surface.
A lesser amount of deposits formed around the punched hole than on the surface exposed to the environment. The surfaces of the coupons showed that the corrosion pattern at atmospheric is essentially free from pitting and showed signs of uniform corrosion. Figure 13 show the coupons of sample 2 at splash zone. At 6 months, the formation of pit is lesser compared to coupons collected at 12 months. At 12 months, dark and golden brown rust deposits were clearly visible on the pits. Overall the rate of corrosion is slower than in sample 1. Table 6 and Table 7 show the percentage weight reduction (column 8), thickness loss due to corrosion with time (column 9) and corrosion rate for sample 1 and sample 2 respectively expressed in different units (column [10] [11] [12] [13] . The initial and final measurements of the corrosion coupons are given in column 2-6 and column 7 respectively, and time in column 1. Percentage weight loss Figure 16 shows the percentage weight loss at different zones with time. The graph indicates that over the period of observation the weight loss is negligible for atmospheric zone and that the corrosion in the immersion zone is more than in the splash zone. The presence of black deposits ( Figure 9 ) and pitting corrosion is typical of corrosion due to Sulphate Reducing Bacteria (SRB) which is predominant at the immersion zone.
Corrosion loss (mm)
The profile for corrosion losses (mm) of sample 1 and sample 2 for 18 months of exposure in the seawater is shown in Figure 17 . The corrosion loss for the immersion zone is higher than that for the splash zone for both samples. For sample 1, the splash zone shows an increase towards the second year over the immersion zone. For atmospheric zone, the corrosion losses are very small compared to the other two zones. At the atmospheric zone, the surface of mild steel experiences uniform corrosion. For sample 1, the maximum corrosion rate was 0.0279 mm/side/year and for sample 2 it was 0.012mm/side/year. This is lesser than the upper limit of 0.10 recommended by BS 6349-1-2000 [31] for temperate climate ( Table 4) . Comparing with Table 2 , the corrosion rate is less than the values for wet tropical region (0.08 -0.70 mm/year) [27] . The values of corrosion rate in mils per year (mpy) in column 11 of Table 6 and Table 7 can be compared with the values in ISO (1998) , where the range of 3 -8 mpy is classified as "high corrosion category". The mass loss (g/m 2 /year) in column 13 can be checked with the classification in EN 12500 [30] . The atmospheric corrosion falls under "low category" (10 -200 g/m 2 /year).
Splash and immersion zones:
During the exposure period, fouling was mainly caused by algae and barnacles. Figure 18 (left) shows that for sample 1 corrosion rates ranged from 0.4 to 0.7 mm/year at the immersion zone. Figure 18 (right) shows that for sample 2 the corrosion rates ranged from 0.5 to 0.7 mm/ year at the immersion zone during the study period of 18 months. These are higher than the upper limits in BS 6349-1-2000 [31] for immersion zone in temperate climates (0.13 mm/side/year) which is to be expected for a tropical zone. Figure 18 (left) for sample 1 show the distinctive change in corrosion behaviour at the theoretical time, ta as marked in Figure 2 . In this case ta is around 6 months exposure for both immersion and tidal zones. This is shown much later for sample 2 in Figure 18 (right) for both immersion and tidal zones for which t a is estimated at around 15 to 18 months. The parameter C a is around 0.422 mm/ year. This is slightly greater than the corresponding value for tidal corrosion 0.346 mm/ year for sample 1.
sample 1 sample 2 Figure 18 Corrosion rate (mm/year) for sample 1 (left) and sample 2 (right)
In Figure 18 (left), the corrosion rate increases a little during the first 3 months for both tidal and fully immersed zone due to moderate dissolved oxygen levels and salinity (35ppt) of the water. As corrosion continues, the corrosion products (rust) form on the corroding surface and the rate of oxygen diffusion through it will control the corrosion rate. The corrosion rate declines slightly from 3 to 6 months implying the protective nature of corrosion products and biomass during exposure. A dense coverage is created by organisms over the substrate which reduces the diffusion of oxygen, thus reducing corrosion rate. The decrease in the cumulative corrosion rate is attributed to the biofouling acting as a barrier between metal and the seawater, thereby reducing the oxygen diffusion to the metal surface [25] . As the dense coverage is built up, it becomes increasingly difficult for oxygen to reach the corroding surface. This allows the development of anaerobic conditions [18] . This provides conditions under which sulphate-reducing bacteria (SRB) can flourish under the right nutrient conditions. SRB attacked the coupons through their waste products, principally H 2 S producing FeS in the process [18] . As a result, the rate of corrosion now depends on the rate of metabolism which in turn depends on the rate of supply of nutrient [18] . This constitutes phase 3(shown in figure 2) . The photographs of the coupons at immersion zone clearly show that they were badly attacked by SRB. Figure 18(right) shows the corrosion rate increasing linearly upto 9 months of exposure. The coupons on exposure at the sea, is invaded by a complex mix of bacteria and nutrients. The corrosion process takes a little time to become fully established and the rate of corrosion is controlled by the rate of arrival of oxygen at the corroding surface [18] . Then there is a thin build up of corrosion products on the corroding surface as corrosion continues. Oxidation takes place therefore the corrosion rate increases [16] . Figure 18b show that ta is approximately 15 to 18 months and C a is around 5.7mm/year. Evidently, t a indicates that it takes more time to establish corrosion conditions similar to sample 1. Sample 1 only took 6 months for phase 3 to commence. This relationship does not appear to exist for sample 2. There may also be other influences involved such as the surface rust being more permeable for sample 2. Table 8 shows the comparison of the minimum and maximum corrosion rate in mm per year for the different zones obtained from the study with values recommended in BS 6349-1-2000 [31] provided in Table 4 and those reported by [27] in table 2. Table 9 compares the corrosion rate in mils per year (mpy) for the different zones with values recommended in Table 1 . Table 10 shows the corrosion rate in mass loss per year (g/m 2 /year) for the different zones compared with values recommended in Table 3 by EN12500. 
Comparison of corrosion rates

CONCLUSION
The physical conditions of the coupons were studied over a period of two years. The coupons at the atmospheric zone were free from pitting and showed uniform corrosion, which was mild in nature. The coupons at the splash zone showed pitting corrosion which increased with time. The thickness of the coupons was reduced and often the shape was modified. The coupons at the immersed zone also showed pitting corrosion, more severe than at the splash zone. The shapes too were lost. The immersion corrosion was more severe than in the splash zone. The weight loss studies confirmed the findings of the visual observations. Figure 18 shows trends that are consistent with the model shown in Figure 2 for marine immersion corrosion. It is seen corrosion is oxygen diffusion controlled and then by microbiological action. The controlling process changes with time and the bacterial action and the supply of nutrient governed the oxygen diffusion. The process of marine immersion corrosion is complex and non-linear.
The experimental values also show that corrosion rate in immersion zone is higher than that in the splash zone which is contrary to expectations. The causative factor for this is the SRB corrosion which is verified by the presence of black deposits and pitting corrosion. The corrosion rates were compared with code and other published values. Table 8 shows that the corrosion rates at the atmospheric zone were low compared to BS 6349 and Tidblad et al (2000) . The rates for immersion and splash zone are higher. Table 9 shows that the corrosion values observed are low for atmospheric zone whereas they are very severe for splash and immersion zones. The corrosion rates are comparable to those given for sub-tropic and wet tropical zone. On comparison with EN 12500 values in table 10, the experimental values indicate that the atmospheric zone falls in low to medium class; the splash and immersion zone falls in very high corrosion class.
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